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ABSTRACT 
 
The implementation of green infrastructure as a means to reduce stormwater through infiltration, 
evapotranspiration, and reuse is occurring in municipalities to reduce wastewater treatment 
loads (in the case of combined sewer systems) and pollution of surface water.  Although green 
infrastructure technologies are becoming increasingly common and are propounded as being 
universally more sustainable than grey infrastructure, the economic and environmental 
implications of transitioning to green infrastructure are unique to each municipality and project.  
Many sustainability assessments have been reported in the literature comparing green and grey 
infrastructure, but what is lacking is a fundamental understanding of how design and operational 
decisions influence the sustainability of a community and its drainage infrastructure.  This work 
elucidates sustainability implications of design decisions, including costs and indirect impacts of 
green and grey infrastructure, in order to inform urban stormwater management decision-
making in the city of Chicago.  An environmental assessment using life cycle assessment 
methodology, construction and design data, as well as data from the literature concluded that 
concrete production used during green infrastructure retrofits contributed 89.3-99.6% of the life 
cycle environmental impacts.  While the studied green infrastructure retrofit introduced 4.35x107 
kg CO2 equivalents to global warming and had many other environmental impacts, a 
comparable street rejuvenation project relying on grey infrastructure contributed approximately 
20 times the environmental impacts across all environmental impact categories.  Further, an 
economic analysis quantifies the cost of implementation for this project to be between US$ 1.4-
3 million whereas the cost of a traditional street renewal project for the same system boundary 
is estimated to be US$ 520,000.  Also, the cost of treatment using green infrastructure was 
found to be four orders of magnitude greater than treatment at a wastewater treatment plant 
(WWTP).  Finally, based on public records and by drawing from related studies in the literature, 
implementing green infrastructure had the indirect benefit of adding value to surrounding 
properties.  By quantifying environmental, economic, and social impacts, a triple bottom line 
assessment was completed for Chicago’s stormwater management options to help navigate 
tradeoffs across and within dimensions of sustainability. 
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CHAPTER 1: INTRODUCTION 
 
Climate change is expected to result in an increase in severe weather, including longer droughts 
and more intense wet weather storms (Karl et al., 2009).  Urban areas which have large 
impermeable areas and combined sewer systems are particularly vulnerable to rain events with 
high intensities because their collection and treatment systems cannot always convey and treat 
the wastewater at the rate it is entering (Grimm et al., 2008).  This results in flooding and 
combined sewer overflows (CSO) which cause environmental and economic damage (Carr et 
al., 2001).    Already, the National Science Foundation (NSF) has reported an increase in 
Midwest flooding (NSF, 2015), and further climate change will only provoke urban stormwater 
management challenges. 
  
The globe’s ever-expanding urban systems also exacerbate the challenge of managing 
stormwater as natural areas (that can retain and infiltrate stormwater) are replaced with 
impermeable surfaces.  The loss of natural areas creates additional stress on the remaining 
green urban spaces to provide ecosystem services and can affect the flows of water to 
groundwater (via infiltration) and the atmosphere (via evapotranspiration) (Lovell & Taylor, 
2013).  This in turn can impact the regional climate by changing the groundwater table, soil 
salinity, and precipitation patterns (Quinteiro, 2015).  The urban climate (temperature, radiation, 
wind, CO2 levels, O3 levels, and hydrologic cycles) is unique as it differs to rural and peri-urban 
climates (Wagstaff & Wortman, 2013), and managing the urban landscape in a manner that 
does not harm local or regional climates can add value to a community by maintaining valuable 
ecosystem services (e.g., plant biodiversity, carbon sequestration, and visual appeal). 
 
Stormwater management is not only an issue concerned with managing the volume of 
stormwater, but it is also a water quality issue.  Stormwater runoff can contain many pollutants 
including suspended solids, nutrients, and heavy metals (Barbosa et al., 2012; Davis, 2007).  As 
treatment requirements are becoming more stringent, the U.S. EPA estimates that retrofitting 
treatment technologies to include advanced nutrient removal at treatment plants across the U.S. 
could cost 5-12 billion U.S. dollars annually (USEPA, 2012).  However, as treatment methods 
advance, those advancements increase emissions, resource consumption, and costs, and this 
results in tradeoffs between negative environmental impacts at multiple spatial scales and local 
water quality benefits (Foley et al., 2010). 
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This combination of climate change, urbanization, and more stringent water quality standards 
creates the perfect storm for urban stormwater management.  Many municipalities are 
attempting to address these challenges by retrofitting their stormwater infrastructure.  Retrofits 
can occur with either green or grey infrastructure. Grey infrastructure, a traditional stormwater 
management technique that conveys stormwater off site quickly, includes: storm-sewers, 
impermeable pavements, detention tanks, pipes, and channels, as well as changes at the 
wastewater treatment plant (WWTP).  This can be done at the treatment plant by increasing its 
treatment capacity, although this option is costly compared to detention and retention retrofits.  
Detention tanks and deep tunnels that temporarily store wastewater can also be installed for 
use during large storm events.  Once the treatment plant is able to treat the excess, the 
wastewater held in detention can be pumped to the treatment site.  Another method of 
stormwater management retrofit is to use low impact development practices, otherwise known 
as green infrastructure, which manage stormwater at the source via natural hydrologic 
processes.  These options increase the infiltration of urban areas with permeable pavements, 
bioswales, infiltration planters, green roofs, downspout disconnection, rain gardens, etc.  These 
strategies seek to maintain natural hydrological cycles such as infiltration and 
evapotranspiration through the implementation of green infrastructure.  Instead of diverting 
stormwater off site to the combined sewer system, green infrastructure manages stormwater on-
site and has many other ecological benefits for the urban environment. 
 
As green infrastructure is implemented across municipalities, it is important to examine the 
global, regional, and local tradeoffs such systems incur in order to better inform decision-makers 
and city planners.  Many green infrastructure studies have been completed which examine the 
environmental impacts (Ahiablame et al., 2012; Autixier et al., 2014; Barrett et al., 2006; 
Bratieres et al., 2008; Davis, 2007; Davis, 2008; EPA 2000; Flynn & Traver, 2013; Lovell & 
Taylor, 2013; Lucas & Sample, 2015) and economic impacts (EPA 2000; Montalto et al., 2007; 
Spatari et al., 2011; Wang et al., 2013; Ward et al., 2008), but few have assessed 
environmental, economic, and social benefits and costs of implementing green infrastructure 
(Stratus Consulting Inc., 2009; USEPA, 2014).  None of these studies compare impacts and the 
resulting tradeoffs across spatial categories.  Still, others assess only a few environmental 
impacts such as greenhouse gas emissions and embodied energy (Loubet et al., 2014).  There 
is a gap in the field for research that examines global, regional, and local environmental and 
economic tradeoffs due to implementing green infrastructure, and there are also limited, 
comprehensive resources for decision-makers regarding green infrastructure implementation 
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(Ahiablame et al., 2012).   This study used a green infrastructure retrofit case study in Chicago 
to elucidate trade-offs across and within dimensions of sustainability to contribute towards future 
decision-making. 
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CHAPTER 2: BACKGROUND 
 
2.1 Sustainable urban water management 
Urbanization, aging water-wastewater infrastructure, climate change, and more stringent water 
quality regulations are pressing communities to adopt sustainable urban water management 
(SUWM) systems.  To address an infrastructure that is aging at different rates new technology 
retrofits can be adopted, often instead of completing an entire replacement (Marlow et al., 
2013).  These retrofitted systems are desired to provide efficient water and wastewater 
conveyance, updated modes of treatment, and clean discharge while avoiding environmental, 
economic, and social costs.  Further, it is desired that SUWM systems are flexible in order to 
provide resilience for communities bound to face more intense storms due to climate change.  
Adding flexibility and planning for uncertainty can save initial capital costs due to proper sizing 
of the technology, increase the value of the project and promote a better understanding of the 
project system (Deng et al., 2013).  Also, SUWM plans need to consider the local geophysical 
characteristics, laws and ordinances, time-frame, and budget specific to the community 
(Barbosa et al., 2012; Corominas et al., 2013). 
 
For communities with combined sewer systems, both in-sewer and source control options are 
available for stormwater management.  In-sewer options include deep tunnels and underground 
reservoir storage, whereas source controls include downspout disconnection, rain barrel 
installations, and bioretention practices.  Stormwater management can be implemented with 
either grey or green infrastructure options. Installing grey infrastructure retrofits that retain 
stormwater has been found to effectively reduce the frequency of CSO events.  However, they 
can increase the amount of time that treatment plants are operating near capacity which can 
result in poor operation (Lucas & Sample, 2015).  Some grey infrastructure retrofits are used 
strictly for water quality purposes, such as curb inlet filters.  They have been found to effectively 
achieve total maximum daily load (TMDL) requirements, and can be cost-effective solution for 
communities facing tighter water quality regulations as demonstrated in Hipp’s study (Hipp et 
al., 2006). 
 
Green infrastructure allows stormwater to infiltrate, be stored temporarily in the pore space of 
the media, or be taken up by plants through evapotranspiration.  These methods either reduce 
or delay the peak flow rate of stormwater and can reduce the volume of runoff (Davis, 2008).  
While grey infrastructure is known to be effective and reliable with stormwater management, 
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green infrastructure is also touted to provide additional benefits to the surrounding community 
that grey infrastructure does not (Further discussion of green infrastructure benefits will follow).  
However, implementation of green infrastructure is often impeded by a perception that LIDs 
have large area requirements and are expensive to retrofit (Montalto et al., 2007).  Some 
studies, however, have found solutions for communities to reduce CSO events and improve 
water quality through the implementation of green infrastructure which are less expensive over 
the life-time of the retrofit and just as effective as grey infrastructure (Montalto et al., 2007; 
USEPA, 2014; Wang et al., 2013). 
 
As an alternative approach, urban agriculture offers many valuable stormwater management 
opportunities similar to green infrastructure.  Urban agriculture, like green infrastructure, 
captures rainwater, reduces runoff due to the plantings, and can provide both environmental 
and social benefits (Orsini et al, 2013; Specht et al., 2013; Wortman & Lovell, 2013).  Urban 
agriculture further reduces packaging, food waste, and greenhouse gas emissions by producing 
food locally (Kulak et al., 2013).  Socially, urban agriculture can also provide food security and 
community development (Battersby & Marshak, 2013).  Implementing green infrastructure via 
urban agriculture can take a grey, “dead space” and turn it into a resource generating space by 
producing food and an income, potentially supplying demand of vegetable consumption (Algert 
et al., 2014; Hara et al., 2013; Reeves et al., 2014; Taylor & Lovell, 2012).  While urban 
agriculture is often economically constrained, the benefits are not quantified (Hampwaye, 2013). 
 
2.2 Green infrastructure impacts 
Green infrastructure studies have found many benefits, both environmental and otherwise.  The 
U.S. Environmental Protection Agency (EPA) reports green infrastructure can boost the local 
economy, provide a “sense of place” for communities, and provide stormwater management 
(USEPA, 2014).  Green spaces such as rain gardens and bioinfiltration practices support 
biodiversity, water resources, and maintain the microclimate (Lovell & Taylor, 2013).  Even a 
shift towards permeable pavements (which have no plants at all) has been found to affect the 
microclimate of an urban setting by changing (cooler when wet, hotter when dry, cooler at night 
regardless of wet or dry) the area’s surface temperature (Li et al., 2013).  Potential pitfalls of 
green infrastructure include the introduction or establishment of invasive species, spread of 
allergens from plants, disease transmission from wild animals, damage to infrastructure from 
plant establishment, depletion of water resources due to irrigation (if used), nutrient runoff from 
fertilization, or spread of contaminants through soil and plant material (Lovell & Taylor, 2013). 
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2.2.1 Hydrologic impacts 
Bioretention is a filtration technology that uses soil and plants to remove pollutants and manage 
stormwater through physical, chemical, and biological processes that mimic nature.  Green 
infrastructure practices that rely on bioretention, such as infiltration planters, have hydrological 
impacts as described below.  A study by Davis has found that bioretention captured 100% of 
inflow runoff without any outflow for 18% of rain events, reduced the peak flow by 44-63% when 
outflow was observed, and delayed the flow peaks (Davis, 2007).  A review of the literature also 
completed by Davis found that bioretention is capable of reducing flood peak, runoff volume, 
and pollutant loads, while also increasing infiltration, evapotranspiration, and runoff lag times.” 
(Davis et al., 2009).  A study also found that peak flow reduction and delay is largely 
independent of the surrounding soil’s hydraulic conductivity, whereas the storage and surface 
characteristics of the bioretention element are critical (Davis, 2008).  Also, while green 
infrastructure has been found to delay runoff, effluent flows can still reach greater flow rates 
than the CSO creation threshold, meaning that green infrastructure may not always stop CSOs 
as it depends on the storm size the technology was designed for as well as the length of 
antecedent dry periods (Lucas & Sample, 2015).  To manage effluent flows, control outlets on 
stormwater management practices (green roofs, permeable pavement, planter trenches, 
bioretention) can reduce flows, exceedance volumes, and CSO events as compared to green 
infrastructure without control outlets and grey infrastructure (Lucas & Sample, 2015).  Overall, 
bioretention can reduce runoff volume and peak flows when sized correctly. 
 
One parameter of bioinfiltration’s effectiveness is its ability to infiltrate.  Infiltration rates have 
been found to be variable and do not always provide the desired stormwater control (Davis, 
2008; Gregory et al., 2006).  A green infrastructure and soil compaction study found that 
construction equipment can cause a significant decrease in infiltration rates, as much as a 
change from 28.8 to 7 in-hr-1 after construction equipment was used over the area (Gregory et 
al., 2006).  The study concluded that impacts on infiltration rates vary relative to equipment 
loading, and using light construction equipment such as a backhoe and pickup truck cause less 
severe compaction than using heavy-duty equipment such as a full dump truck (Gregory et al., 
2006). 
 
Similar to bioretention, permeable pavements reduce stormwater runoff by increasing the water-
holding capacity of a site.  The pavement itself does not provide significant holding capacity, but 
using highly permeable subgrade materials provides water retention (Li et al., 2013).  Somewhat 
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surprisingly, porous pavements installed on top of traditional pavements have been found to 
significantly reduce the non-dissolved portion of pollutants; even more than vegetated buffer 
strips (Barrett et al., 2006).   A permeable pavement study found that a permeable pavement 
can effectively manage precipitation even during heavy rains, due to a highly permeable 
subgrade (Brattebo & Booth, 2003).  A separate permeable pavement study found that even on 
clay soils, which are highly impermeable, permeable pavements can successfully reduce runoff 
for small storm events (2 cm) and capture the first flush which carries most of the total 
suspended solids (TSS) and pollutants for large storm events.  This permeable parking lot study 
observed reduced runoff by 40-45% compared to standard, impermeable asphalt parking lots 
(Dreelin et al., 2006).  Allowing stormwater to infiltrate or be retained in a permeable subgrade 
can reduce stormwater runoff and aid in improving water quality. 
 
2.2.2 Water quality impacts 
Green infrastructure is particularly good at pollutant control because it captures the first flush of 
runoff, which has the greatest concentration of pollutants (USEPA, 2000).  However, water 
quality improvements have been studied for many LID sites, and the resulting water quality 
improvements vary greatly across the literature (Davis, 2007; Read et al., 2008), To further 
complicate LID water quality studies, pollutant concentrations entering bioretention are not 
steady as they change greatly throughout a rain event, and effluent concentrations are not 
always lower than influent pollutant concentrations in bioretention.  As noted in a University of 
Maryland bioretention site, TSS increased after passing through a bioretention site (Davis, 
2007).  This is assumed to be due to the washout of fine particulates from the media, so it is 
recommended to use washed fill when installing green infrastructure.  Despite these variations, 
effluent often meets water quality standards for TSS, Total P, Cu, Pb, Zn, and NO3
- (Davis, 
2007). 
 
Bioretention is effective at removing pollutants, particularly nutrients and metals (Al, Cr, Cu, Pb, 
and Zn) regardless of vegetation type, media depth, and influent concentration Nutrient removal 
has been observed, but the percent removal of nutrients varies (Bratieres et al., 2008; Davis et 
al., 2009).  One has found variation of nutrient removal among different plant species possibly 
due to root biomass and plant uptake differences (Read et al., 2008).  Metals in particulate form 
are captured in bioretention due to sorption to organic matter.  Adding compost, which is high in 
organic matter, to bioretention media has been found to provide protection against Cd and Zn 
leaching.  However, the more organic material that is added, the less quickly stormwater passes 
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through and the greater the possibility of phosphorous leaching (Paus, 2014), presenting 
tradeoffs between metal sorption and nutrient removal/stormwater filtration. 
 
Other factors affecting stormwater quality and green infrastructure are antecedent dry periods 
and maintenance requirements of green infrastructure.  Antecedent dry periods also impact 
stormwater quality because an increase of in-sewer contaminants during dry weather can lead 
to an increased peak concentration of contaminants during CSO events (Autixier et al., 2014).  
Due to the mass of pollutants captured in bioretention, regular maintenance of the media 
material is required.  However, it is still unclear how frequent the media material needs to be 
replaced, so monitoring green infrastructure over its life time could provide useful information 
(Davis et al., 2009).  The literature states a need for LID water quality data over various 
timescales and in diverse locations and climates in order to determine an accurate 
representation of LID pollutant removal (Ahiablame et al., 2012).  No known study of green 
infrastructure water quality has been completed in Chicago, so monitoring water quality and 
infiltration trends could be a useful future addition to this study. 
 
2.2.3 Economic considerations 
Implementing green infrastructure is often considered a cost-prohibitive solution.  A study for a 
subset of Brooklyn, NY found that the most cost-effective solution to reduce CSO events would 
be to install a CSO holding tank.  When the space is not available to install a CSO tank (as often 
is the situation in urban environments), implementation of green infrastructure may become the 
most cost-effective solution (Montalto et al., 2007).  In many cases, however, green 
infrastructure is more expensive.  The EPA further comments that paving stones for permeable 
surfaces cost four times as much per area as asphalt (USEPA, 2000).  While installing green 
infrastructure may be more expensive, there are often broader economic benefits that are not 
quantified in these studies.  For example, surrounding properties have seen an increase in 
value due to green infrastructure (Ward et al., 2008), and properties in the proximity of tree 
plantings further have had an increase in property values (Wachter & Wong, 2008).  Further, 
adding green infrastructure to a streetscape can revive a community by bolstering businesses 
(USEPA, 2014).  In addition, the avoided costs due to floods and fines provide economic 
incentive.  Geographically speaking, installing green infrastructure can locally reduce flooding 
and regionally reduce CSO events and this provides avoided local and regional costs due to 
flooding damages and fines due to CSOs.  When considering costs, economic allocation is 
unique to how the green infrastructure is funded.  If green infrastructure is funded by a 
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municipality, the taxpayers pay for a localized benefit (directly or indirectly benefiting a small 
portion of the community), so it is relevant to further explore spatial costs and economic benefits 
when implementing green infrastructure. 
 
As communities address stormwater management challenges, there are many considerations: 
stormwater quantity considerations such as basement and street flooding and CSOs; 
stormwater quality considerations such as TMDLs and permit regulations; infrastructure 
considerations such as wastewater treatment plant capacities, aging sewers, and limited space 
to place reservoirs, storage tanks, and green spaces; as well as community considerations such 
as assessing the local impacts of installing a CSO reservoir or holding tank versus a permeable 
road and infiltration planters.  While stormwater management has traditionally been a water 
quantity issue, it is becoming a more multi-faceted challenge.  As demonstrated by the city of 
Chicago, both the Metropolitan Water Reclamation District of Greater Chicago (MWRDGC) and 
the City of Chicago’s stormwater management ordinances have shifted from traditional 
stormwater detention (through the use of grey infrastructure) towards retention and infiltration 
whenever possible (through the use of green infrastructure practices; City of Chicago, 2014; 
MWRDGC, 2014) .  With this shift towards implementing green infrastructure, communities are 
realizing the complex nature of stormwater management benefits and costs, and an assessment 
of spatial economic and environmental tradeoffs is crucial to a community’s decision-making. 
 
2.3 Life Cycle Assessment (LCA) as a method 
As communities explore the benefits and costs of installing either green or grey infrastructure, a 
method for quantifying and comparing environmental costs is valuable.  The literature often 
describes green infrastructure as having many environmental benefits, but these benefits are 
rarely quantified in a tangible manner (Lovell & Taylor, 2013).  One such method of quantifying 
the environmental impacts of a product is life cycle assessment (LCA).  While LCA does not 
quantify environmental benefits, it does quantify environmental impacts over the lifetime of a 
product or system, and these impacts can be compared among products in order to elucidate 
tradeoffs between technologies such as green and grey infrastructure. 
 
In order to set up an accurate representation of a product, a model can be designed to 
represent each stage of the product’s lifecycle: construction, use, maintenance, and end-of-life.  
This model should have flexible variables in order to test different scenarios, as often decision-
making revolves around more than one situation.  Also, a robust model will require accurate and 
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representative data and will include sensitivity relative to time (Zachary, 2014).  A literature 
review of urban water system LCAs found that 50% of the studies analyzed included a 
sensitivity analysis- it was not indicated how many reported a sensitivity to time (Loubet et al., 
2014).  Each stage of the lifecycle is modelled with layers of data, building an inventory with 
various levels data quality and intrinsic uncertainty. Therefore, uncertainty analysis can provide 
a clear interpretation of the model’s results and their certainty. 
 
LCA is sometimes incorrectly referred to as a “sustainability assessment,” but it does not assess 
all three pillars of sustainability: environmental, economic, and social, thus it should not be 
misrepresented as a sustainability assessment (Heijungs, 2014).  LCA methods can calculate 
environmental impacts into many different environmental impact categories such as global 
warming, eutrophication, ozone depletion, smog formation, human health impacts, etc..  
Therefore, an LCA of two different scenarios can locate transitions between environmental 
impacts under different scenarios or while comparing two products.  As Finnveden explained, 
“LCA makes it possible to identify environmental hot spots within systems for eco-design 
purposes and helps at avoiding pollution shifts between impact categories (e.g., toxicity and 
eutrophication versus climate change) or between life cycle stages (e.g., treatment and 
discharge versus sludge end-of-life)” (Finnveden et al., 2009).  Completing an LCA for two 
products or processes with similar functions can allow for the identification of environmental 
impact tradeoffs.  These tradeoffs can be useful for decision-makers who need to understand 
the implications of their stormwater management plans. 
 
There are different methods for calculating these environmental impact categories.  The U.S. 
EPA developed a methodology called the Tool for the Reduction and Assessment of Chemical 
and other environmental Impacts (TRACI) (USEPA, 2013).  TRACI uses midpoint, instead of 
endpoint, impact categories, decreasing the model’s complexity and allowing for a clear 
understanding of the environmental impact (Bare et al., 2003).  For example, defining an impact 
category at a midpoint such as global warming impact normalized to units of (kg CO2 
equivalents) is more meaningful and transparent to users than defining an end-point impact 
such as a specific agricultural impact.  Although endpoints are important, for the sake of having 
a universally understood environmental impact, using a midpoint method allows for more clear 
communication. 
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Also important to understand when evaluating environmental impacts is that the environmental 
impact categories in TRACI were chosen by the U.S. EPA based on environmental issues 
present during the time of TRACI’s development in the first decade of the millennium.  This is a 
normative process that requires a value system and neglects emerging environmental issues 
(Bare et al., 2003).  To address this concern, LCA has grown to include more impact categories 
(Guinée, 2010).   For example, carbon footprint, water footprint, and agricultural impact 
categories have been added to LCA modelling software.  The databases in SimaPro, a 
reputable LCA software, are also continually updating in order to build more representative 
models and calculate accurate environmental impacts (PRé, 2014).  Due to the many options of 
environmental impacts and datasets, it is important to consider which are appropriate for a given 
study (Guinée, 2010; Haas et al., 2000). 
 
Impact assessments are often at a global scale, which can lead to misrepresentation of the 
environmental impacts at a local, community scale (Zachary, 2014).  Local environments have 
unique characteristics, including: buffering capacities, local plant and animal species, and 
existing conditions, so they are uniquely affected by different chemicals.  Therefore TRACI has 
expanded its database in TRACI 2, to include more chemicals using the USEtox model.  
Previously, TRACI only contained chemicals of concern to the U.S. (Bare et al., 2011).  While 
global data is used in the updated inventory databases, ideally each LCA should use local data 
in order to be as representative of the current and local processes.  Due to time and labor 
constraints however, local data is oftentimes replaced with global inventory data included in 
SimaPro databases. 
 
2.4 Life Cycle Assessment (LCA) in the urban stormwater management literature 
An array of LCAs has been completed for urban stormwater management systems with varying 
degrees of completeness.  Some include all life cycle phases from cradle to grave (Andrew & 
Vesely, 2008; Corominas et al., 2013; Flynn & Traver, 2013), while others exclude the end of life 
phase or certain construction processes (De Sousa et al., 2012; Loubet et al., 2014; O’Sullivan 
et al., 2015; Spatari et al., 2011; Wang et al., 2013).  For example, a review of urban water 
system LCAs found that no studies accounted for construction processes such as excavation 
and compacting in their infrastructure inventory (Loubet et al., 2014).  An LCA of a rain garden 
and a sand filter considered construction equipment use, but only considered the environmental 
impacts due to CO2 production and embodied energy (Andrew & Vesely, 2008).  Further, a 
review of urban water system LCAs found that only one study completed a proper uncertainty 
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analysis using Monte Carlo simulation (Loubet et al., 2014).  Within the literature, there is a lack 
of consistent and robust LCAs, which underscores the need to include a cradle to grave LCA 
which assesses a broad set of impact categories providing a thorough examination of global 
environmental impacts. 
 
LCA studies of green and grey infrastructure have concluded that green infrastructure greatly 
reduces greenhouse gas emissions and energy savings as compared to grey infrastructure (De 
Sousa et al., 2012; Spatari et al., 2011).  Construction materials have been found to be the 
greatest contributor to environmental impacts over the lifecycle of green and grey practices 
(Flynn & Traver, 2013; O’Sullivan et al., 2015).  In particular, concrete production has been 
found to contribute to the majority of environmental impacts (O’Sullivan et al., 2015).  Also, 
green infrastructure, particularly rain gardens or technologies that include plantings such as 
infiltration planters, serve purposes other than just stormwater management, as they have 
educational and beautification opportunities (Andrew & Vesely, 2008).  
 
2.5 Social impacts of green infrastructure 
Green infrastructure can also provide social benefits in addition to its environmental and 
economic benefits.  When the community becomes involved with the management of green 
infrastructure, these spaces serve a social function by passing on ecosystem management 
knowledge and skills to the surrounding community.  Green spaces, which can include green 
infrastructure when plantings are involved, have shown potential for breaking cycles of poverty, 
crime, and unhealthy lifestyles (Krasny & Tidball, 2012).  Krasny and Tidball also concluded that 
if the local community manages the green spaces, people become aware of ecosystem services 
provided by such greenspaces, and this provides an educational element to green infrastructure 
implementation (Krasny & Tidball, 2012).  Green spaces and green infrastructure can support 
resilience in communities by spreading knowledge of bottom-up stewardship.  Further, it has 
been found that adding green spaces, even if small in area such as infiltration planters, can add 
an increase to businesses and offers a “sense of place” to communities (USEPA, 2014).  These 
possibilities demonstrate the potential for green infrastructure to be used for community 
rejuvenation, but a thorough assessment of spatial environmental and economic tradeoffs 
needs to be done to understand the full extent of consequences to the local, regional, and 
global community. 
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Quantifying social benefits due to implementing green infrastructure was not in the scope of this 
study.  increase in property value can also be viewed as a social benefit as it bolsters the 
property owners in the community. 
 
With a robust understanding of spatial tradeoffs among the pillars of sustainability, decision 
makers and urban planners can allocate funding and green infrastructure implementation 
appropriately and effectively according to their relative costs and benefits.  Understanding the 
tradeoffs and impacts to the community will ensure that green infrastructure implementation is 
an appropriate and effective solution to a community’s stormwater challenges.  
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CHAPTER 3: PREFACE TO STUDY 
 
The stormwater management challenge facing urban areas due to climate change and large 
impermeable areas result in CSOs, flooding, and nonpoint source pollution.  CSO events, 
particularly, result in both environmental and economic costs as they are detrimental to water 
quality (due to their high nutrient, TSS, pathogen, and BOD5 content) (ASCE, 1999; Gasperi et 
al., 2012; Suárez & Puertas, 2005) and can incur fines on communities, and can cause flooding 
(Landers, 2004; Montalto et al., 2007).  A US EPA report estimates the cost of repairing 
damages due to CSOs is greater than US$ 44 billion (USEPA, 2002). Many urban areas are 
combatting combined sewer challenges by increasing detention and retention with deep tunnels 
and/or reservoir systems or by sewer separation projects (Bauers, 2010; Jaffe et al., 2010).  For 
example, the Metropolitan Water Reclamation District of Greater Chicago’s (MWRDGC’s) 
retention and deep tunnel system, referred to as TARP, was built to retain more than 7.9 billion 
gallons of wastewater in order to decrease CSO frequency, decrease basement flooding, and 
maintain and comply with water quality standards (MWRDGC, 2015). 
 
Communities are beginning to implement green infrastructure instead of grey infrastructure (City 
of Chicago, 2014; MWRDGC, 2014), which includes rainwater harvesting, rain gardens, 
infiltration planters, bioswales, permeable pavements, green roofs, and land conservation (De 
Sousa et al, 2012).  Green infrastructure can decrease peak flow, increase infiltration, and 
decrease stormwater volume (Jaffe et al., 2010).  Due to the environmental, economic, and 
social benefits of green infrastructure, it has been considered a more sustainable solution 
(Lovell & Taylor, 2013).  Environmental benefits include pollutant removal from stormwater and 
decreased flooding in the local area. However, implementing green infrastructure has 
environmental costs (greenhouse gas emissions and ozone depletion due to the creation and 
implementation of such technologies) and economic costs.  The tradeoffs among these benefits 
and costs are not well-quantified.  In order for decision-makers and communities to make well-
informed decisions, tradeoffs need to be clear and quantified across scales. 
 
This study aims to characterize environmental and economic factors governing the sustainability 
of green infrastructure relative to traditional stormwater management in combined sewer 
systems, centered on the upgrade of a streetscape with green infrastructure versus replacing 
the existing sidewalk and street with traditional materials.  First, an environmental assessment 
was completed of two scenarios using a site under construction in the city of Chicago as a case 
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study: a green infrastructure retrofit (GIR) and a traditional streetscape replacement (TSR).  
Then economic costs of stormwater treatment with GIR were compared to costs that would 
have been incurred at the WWTP.  The economic benefits to the local community were also 
assessed.  Through this analysis, we elucidated the tradeoffs facing communities considering 
green infrastructure and reframed the discussion surrounding green infrastructure to one that 
identifies local, regional, and global benefits and costs. 
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CHAPTER 4: MATERIALS AND METHODS 
 
4.1 Introduction of the two scenarios 
Two infrastructure scenarios were modelled in this study: a green infrastructure retrofit (GIR) 
and a grey infrastructure traditional streetscape replacement (TSR).  The three block study area 
is an urban site in the city of Chicago with both commercial and residential properties.  At the 
time of the study, the site relied on grey infrastructure to convey all of its stormwater to a 
combined sewer system using concrete curbs and gutters, catch basins, sewers, and other 
traditional means.  The GIR scenario included plans for replacing the street and sidewalk with 
permeable surfaces and installing infiltration planters.  The TSR scenario included the traditional 
means for improving a streetscape by replacing a sidewalk with newly poured concrete and 
resurfacing the street with a new asphalt surface.  The goal of this study was to compare the 
local and global environmental impacts and economic costs and benefits of each streetscape 
retrofit scenario in order to elucidate the tradeoffs of implementing green infrastructure. 
 
4.2 Site description 
The site included a three block stretch of road and sidewalk in Chicago to be replaced with 
infiltration planters, permeable pavers, unit pavers, and a new curb and gutter system which has 
cutouts allowing conveyed stormwater to enter the infiltration planters.  Items excluded from the 
scope of this study, but included in the renovation plans, are any items not directly pertaining to 
stormwater management such as new lighting, trash receptacles, bike racks, pedestrian 
crossings, new wiring, etc. Demolition was just beginning at the time of this study, so 
construction drawings were used to gather all site design data for the GIR scenario.  The design 
geometries from the existing site, as conveyed through the construction drawings, were also 
used for the TSR scenario. 
 
4.3 Description of each scenario’s components 
The GIR scenario included the following green infrastructure technologies and their relative 
percent of the site area: infiltration planters (3.5%), permeable sidewalk (56.3%), and a unit 
paver street with curb and gutters that drain to the infiltration planters (40.2%).  Existing tree 
planters were excluded from this study as they are preexisting to the site and would not 
contribute any marginal environmental impacts or benefits when comparing the GIR to the TSR 
scenario.  The TSR scenario included replacing the sidewalk and resurfacing the asphalt street.  
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For the purpose of this study, these are considered traditional means of improving a streetscape 
and were used to compare marginal costs and benefits of installing GIR. 
 
4.4 Introduction of the methods used to quantify impacts 
In order to quantify the local and global environmental and economic impacts of installing a GIR 
or TSR, three processes were completed.  First, an LCA was completed to evaluate global 
environmental impacts.  Local environmental impacts were then quantified by modelling 
stormwater quantity and quality management due to the green infrastructure.  Last, the cost of 
the project and local economic gains due to the implementation of GIR were examined. 
 
4.5 Description of the LCA 
This study included an LCA for the purpose of quantifying environmental impacts.  A cradle to 
grave LCA was completed including all life cycle phases: construction, use, maintenance, and 
end of life.  Figure 4.1 depicts these life cycle phases and shows what parameters were 
included in the model.  The construction phase included material production, transportation of 
materials to site, construction equipment use, and transportation of construction waste.  Often 
LCA studies of water and wastewater treatment neglect construction equipment use (Corominas 
et al., 2013; Ghimire et al., 2014; Loubet et al., 2014), but it was included for completeness as 
well as to investigate if construction equipment use contributes significantly to environmental 
impacts.  Use phase included the environmental impacts due to stormwater quantity and quality 
modelling.  Maintenance included the use of equipment to maintain the site.  Finally, the end of 
life phase included transportation of materials to a local recycling center.  A recycling center was 
used in the calculations instead of a landfill because most of the aggregate and paving materials 
used on site are recyclable.  The life-span of both sites was 30 years as reported for similar 
green infrastructure projects (Jaffe et al., 2010). 
 
4.6 Goal & scope, functional unit, system boundary, and exclusions 
The system boundary included the three block site with a 30 year lifetime, and the functional 
unit was 1m3 of managed stormwater.  Precipitation and pollutants landing on the site are 
included as well as their environmental impacts due to reaching their respective receiving water 
body.  Excluded are any pollutants or stormwater entering from outside the three-block site.  
While in reality, stormwater may flow into the system boundary due to local hydrology, this study 
only includes precipitation and pollutants landing on the site footprint in order to perform a 
conservative estimate of stormwater quantity and quality management.   Also, excluded from 
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the system boundary are all existing infrastructure such as sewers and other stormwater 
conveyance items.  These items were excluded because they are already in place and exist in 
both the GIR and TSR scenarios.  Other studies have explored the impacts of installing such 
items (De Sousa et al., 2012; Wang et al., 2013), but it was outside the scope of this study. 
 
4.7 Life Cycle Inventory (LCI) of the two scenarios 
Inventory data was generated for each life cycle phase: construction, use, maintenance, and 
end of life.  The following paragraphs explain what was included in each life cycle phase’s 
inventory and how it was generated. 
 
4.7.1 Construction inventory 
The construction inventory included all material production and processes required during the 
construction of each scenario. Processes include material transportation to the site, construction 
equipment use, and transportation of construction waste to a disposal facility.  The GIR site 
included a permeable paver sidewalk, unit paver street, and infiltration planters.  The materials 
included for this scenario were pavers, leveler material for the street, a bituminous setting 
course, bedding materials and granular fill, a geotextile fabric liner for the sidewalk base course, 
concrete curb and gutters, mulch, and plants.  Excluded from the GIR inventory are underdrains 
(because they were not included in the construction design drawings) and granite chip joint filler 
(because the relative volume and mass of material was assumed to be insignificant relative to 
the other material contributions).  The type of materials inventoried were determined from a pay 
item list and cross-section drawing descriptions in the construction documents. The volume of 
these materials was determined from the geometries of site elements as extracted from the 
construction documents.  The mass of materials was then calculated via commonly known 
densities of materials as described in Table A.1 of the Appendix.  The TSR site included new 
sidewalks and a resurfaced asphalt street.  The materials included for this scenario were 
concrete, an asphalt surface course, primer, and a sand coat.  The type and volume of materials 
used for TSR construction were determined through both the site geometries and an interview 
with a field expert (Forrest, 2015).  Life cycle material inventory data for both scenarios were 
acquired from ecoinvent 3, Industry data v2.0, US LCI databases as described in Table A.2 of 
the Appendix. 
 
The construction equipment inventory and duration of use was determined through interviews 
with experts in the field (Braghini, 2015; Forrest, 2015).  See Table A.3 in the Appendix for 
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construction equipment descriptions. Emission data for construction equipment use was 
modelled through EPA NONROADS Emissions Model version 2008a (USEPA, 2008).  The 
model assumed typical weekday emissions for Chicago in July 2010 and included all available 
emissions data.  Transportation distance of materials to the site was evaluated from 10 to 100 
miles.  The final results were calculated using 10 miles of transportation for materials to the site 
because there were construction material distributors within 10 miles of the site.  The mode of 
transportation for all transportation used within the model was a 10-20 ton truck assumed to be 
in compliance with EURO5 emission standards, 100% full during delivery, and completely empty 
upon return.  The representative item used in SimaPro is described in Table A.2 of the 
Appendix.  Construction debris and end of life materials were mostly concrete and aggregate 
materials which can be recycled.  Therefore the transportation distance of construction debris 
and end of life materials was calculated via Google Maps from site to nearest construction 
material recycling facility (20 miles).  Material, construction equipment, and transportation 
options and their associated model inputs can be seen in Figure 4.1.  Further, a description of 
the model architecture is seen in Figure 4.2. 
 
4.7.2 Use phase inventory and stormwater modelling 
The use phase inventory includes stormwater quantity and quality modelling which relied on 
hydrology and mass balance calculations.  The volume of stormwater entering the site was 
calculated using the site area and Illinois State Water Survey data from 2003 to 2012 (ISWS, 
2015).  No stormwater runoff entering the site from outside the system boundary was accounted 
for, as mentioned previously.  It was assumed that the ten years of rain data was representative 
of storm events throughout the lifetime for both scenarios.  The storm intensity for each rain 
event was calculated and all intensities less than 0.1 in/hr were excluded according to the daily 
rainfall analysis method (USEPA Technica, 2009).  The volume of runoff for both the GIR and 
TSR were then calculated using the Rational Method as follows: 
𝑄 = 𝑐 ∗ 𝐼 ∗ 𝐴 
Where Q is the runoff flow rate, c is the runoff coefficient, I is the storm intensity, and A is the 
site area.  The runoff coefficient for the GIR site was calculated from a weighted average based 
on area of site characteristics.  (For details, see Table A.4 in the Appendix.)  For the TSR 
scenario, the site is completely impermeable, thus a runoff coefficient of 1 was used. 
 
It was assumed that all storms with intensity in the 90th percentile or above would result in a 
CSO during these events.  According to the different stormwater pathways as described in 
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Figure 4.3, the volume of stormwater runoff leaving the site during a CSO was assumed to 
contribute fully to a CSO.  Likewise, the stormwater leaving the system boundary during a non-
CSO rain event was assumed to be conveyed to a WWTP.  Upon entering the receiving water 
body, the stormwater was assumed to have concentrations representative of CSO and WWTP 
effluent.  Pollutant concentrations used for modelling can be found in Table A.5 in the Appendix. 
 
The stormwater quality modelling was performed using mass balance of pollutants and 
concentration data from the literature as described below.  On-site water quality testing was not 
feasible during this study, but future monitoring of such data once the GIR is in place will be 
used to validate modeling results.  The pollutants included in this study are: biochemical oxygen 
demand (BOD), chemical oxygen demand (COD), total suspended solids (TSS), lead (Pb), 
copper (Cu), zinc (Zn), nitrate and nitrite (NO3
-+ NO2
-), total Kjeldahl nitrogen (TKN), and total 
phosphorous (Tot. P).  The data for pollutant concentrations in urban areas varies greatly in the 
literature and has significant uncertainty (Byrne, in preparation).  Pollutant concentrations on 
urban roadways were taken from the U.S. Environmental Protection Agency’s (USEPA’s) 
Nationwide urban runoff program (USEPA, 1983).  The percent removal of pollutants from the 
GIR site was calculated under both the lowest and highest percent removal as found in literature 
(Ahiablame et al., 2012).  Pollutant concentrations exiting via WWTP effluent or a CSO were 
calculated from the literature (Gasperi et al., 2012; Tchobanoglous et al., 1991).  From mass 
balance, the total masses of pollutants retained in the GIR were calculated for the lifetime of the 
site.  Further the total mass of contaminants entering ground or surface water via infiltration, 
WWTP effluent, or CSO events over the lifetime was calculated.  Table A.5 is included in the 
Appendix with concentration values and percent removals used in the following equations. 
 
The mass of pollutants was calculated for the following scenarios: total mass entering the 
environment over the lifetime of the TSR and GIR scenarios and total mass retained by the 
green infrastructure over the lifetime of the GIR scenario.  The total mass entering the 
environment over the lifetime of TSR and GIR scenarios accounted for pollutants entering local 
aquatic environments from WWTP effluent during non-CSO rain events and from CSO 
discharge during CSO events.  This was calculated by multiplying the volume of stormwater 
exiting the system boundary by the concentration of CSO wastewater and WWTP effluent as 
described in Table A.5 in the Appendix.  The mass retained by the GI was calculated by the 
following: 
Mr = Me - Mg - Mi 
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Where Mr is the mass of pollutants retained in the green infrastructure, Me is the mass of 
pollutants entering the system boundary, Mg is the mass of pollutants entering the combined 
sewer system, and Mi is the mass of pollutants infiltrating to groundwater. 
 
The Me was calculated as follows: 
Me = Qe * Du * Ce 
Where Qe is the flow rate entering the system boundary, Du is the length of the storm, and Ce is 
the concentration of pollutants. 
 
Mg, mass of pollutants entering the combined sewer system, was equivalent to the mass 
entering the system boundary for the TSR scenario because there is no retention of pollutants in 
grey infrastructure.  For the GIR scenario, Mg was calculated as follows: 
Mg (GIR) = Cexit (GIR) * Vrunoff 
The Cexit (GIR) was determined from the percent removal rates as described in Table A.5 in the 
Appendix.  The Vrunoff was determined from the difference between the volume of stormwater 
entering the system boundary and the volume of stormwater infiltrating into the green 
infrastructure. 
 
4.7.3 Maintenance and End of life inventory 
The maintenance and end of life phase inventories were modeled similarly to the construction 
phase, as they included heavy equipment for maintenance and transportation of site materials 
to a recycling center.  GIR maintenance included vacuuming the permeable paver sidewalk and 
unit-paver street with a vacuum/sweeper truck four times a year (for the thirty year lifetime) as 
suggested in a guide on paver maintenance (PaverSearch, 2015).  The TSR scenario was 
assumed to have no regular maintenance that required heavy equipment.  All human labor was 
outside the scope of this study.  The end of life inventory included transporting all materials from 
the site to a recycling center 20 miles away, as determined by Google Maps. 
 
4.8 Life Cycle Impact Assessment (LCIA) 
The life cycle impact assessment (LCIA) inventory quantified all emissions entering the 
environment to air, water, or soil from the inventory items including material production, 
transportation, equipment use, and stormwater pollutants and classified into impact categories, 
characterized, and normalized into constituent units.  Ecoinvent 3, Industry data 2.0, and USLCI 
libraries as supplied in SimaPro 8.0.3 software were used for the life cycle inventories as 
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described in Table A.2 in the Appendix (PRéConsultants, 2014).  The emissions were then 
characterized using the Tool for the Reduction and Assessment of Chemical and other 
Environmental Impacts (TRACI) TRACI 2.1 v1.01 midpoint method (Bare et al., 2003; Bare et 
al., 2011; USEPA, 2013).  Ten environmental impacts were quantified: ozone depletion (kg 
CFC-11 equivalent), global warming (kg CO2 equivalent), smog formation (kg O3 equivalent), 
acidification (kg SO2 equivalent), eutrophication (kg N equivalent), human health- carcinogenic 
(CTUh), human health- noncarcinogenic (CTUh), human health- respiratory effects (kg 
particulate matter 2.5 equivalent), ecotoxicity (CTUe), and fossil fuel depletion (MJ surplus).  
Percent contribution by life cycle phase and life cycle inventory components were analyzed from 
the LCIA results for both scenarios: this allowed for the identification of the most influential 
phase and component to the life cycle environmental impacts.  Further, the TSR life cycle 
environmental impacts were normalized to the GIR impacts in order to compare tradeoffs 
between the two scenarios. 
 
4.9 Cost analysis 
The economic analysis compared the costs of both the GIR and TSR scenario.  Costs of 
building and maintaining both scenarios were determined from RS-Means (RSMeansOnline, 
2015) and a Chicago news publication (Emmanuel, 2014).  The values as found in RS-Means 
for both scenarios are described in Table A.6 and Table A.7 in the Appendix.  RS-Means 
provided cost estimate data for construction activities by adding labor, equipment, operations, 
and profit costs; the version of RS-Means used did not cover material costs.  Therefore, the RS-
Means estimate was assumed to be a low estimate of the actual cost of the project.  The cost- 
benefit tradeoff between the cost of implementing green infrastructure and the savings due to 
reduced stormwater reaching the WWTP for treatment was calculated from the volume of 
stormwater infiltrated in the GIR over the 30 year lifetime divided by the total cost of the project.  
This “cost of treatment” was then compared to the cost of wastewater treatment at the WWTP at 
the Metropolitan Water Reclamation District of Greater Chicago (MWRDGC) as found in public 
records (MWRDGC, 2013). 
 
Further, the economic gain in property values was determined assuming an average 4.25% 
increase in property value as found in the literature (Ward et al., 2008) and using property 
values along the three blocks of the study area as found from Zillow (Zillow, 2015).  The 
property values described in Zillow are assumed to be representative of all properties in the 
three block area.  Table A.8 in the Appendix displays the surrounding property values and site 
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area characteristics as available in Zillow at the time of this study.  The net increase in property 
value is also demonstrated in Table A.8.  The economic assessment conducted in this study 
allowed for the examination of environmental-economic tradeoffs as discussed in the Results 
section. 
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4.10 Figures 
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Figure 4.1 The model’s system boundary included a cradle to grave LCA consisting of material 
production, construction, use, maintenance, and end of life (as seen in blue).  The processes 
(yellow) and inventory (pink) included in each life cycle phase for both green infrastructure and a 
traditional street renewal project are described.  The green infrastructure consists of a unit paver 
road, permeable paver sidewalk, and infiltration planters.  The traditional street renewal project 
consists of road resurfacing and sidewalk replacement.  From the modeled processes, the 
cumulative outputs (emissions to air, soil, and water) are translated into environmental impacts. 
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Figure 4.2 The model is constructed in the above manner.  Data (pink) is gathered from the 
literature and existing databases.  Then calculations (blue), dependent on the design (grey) of 
the technology, are carried out in order to quantify emissions.  Emissions (yellow) are then 
translated and quantified into midpoint impacts using a TRACI impact assessment.  Volume of 
water flowing and mass of pollutants transferring to groundwater and the sewer system are 
quantified (yellow).  
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Figure 4.3 The stormwater pathways are different within the system boundary depending on the 
scenario.  In the GIR scenario, stormwater may infiltrate or be retained, and any overflow then 
goes to the combined sewer system.  In the TSR scenario, grey infrastructure is used, and all 
stormwater is diverted to the combined sewer system.  For the sake of this study, it is assumed 
that during a combined sewer overflow (CSO), all stormwater entering the combined sewer 
system results in a CSO.  During non-CSO rain events, all stormwater is treated at the 
wastewater treatment plant (WWTP).  
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CHAPTER 5: RESULTS AND DISCUSSION 
 
5.1 Green infrastructure LCIA 
 
5.1.1 Environmental impacts 
The life cycle environmental impacts were dominated by the construction and use phases.  
Together they accounted for at least 99% of the environmental impacts across all categories as 
seen in Figure 5.1.  The construction phase accounted for between 90 and >99% of the 
environmental impacts across all impact categories.  In contrast, the use phase contributed up 
to 0.4% of the environmental impacts across all categories except for eutrophication.  Use 
phase was responsible for 9.4% of eutrophication due to stormwater pollutants entering aquatic 
environments over the lifetime of the green infrastructure streetscape.  The remaining 
eutrophication impacts were due to the construction phase.  Maintenance and end of life phases 
contributed negligibly (<0.05%) towards environmental impact categories.  The construction and 
use phases were clearly the most significant life cycle phases contributing to environmental 
impacts. 
 
5.1.2 Use phase impacts 
Of the ten environmental impact categories assessed, eutrophication was the only category that 
had a noticeable (> 5%) contribution stemming from a life cycle phase other than construction, 
as seen in Figure 5.1.  While the construction phase was primarily responsible for 
eutrophication (90.5% contribution), the use phase was responsible for 9.43% of the impact as 
also seen in Figure 5.1.  Of the pollutants included in runoff modelling and the characterization 
of direct use-phase emissions, BOD, COD, NO3, NO2, TKN, and Tot. P contributed to 
eutrophication as simulated in the TRACI midpoint impact method.  The remaining pollutants 
contributed negligibly to the lifecycle impact assessment.  TSS, Pb, Cu, and Zn contributed 
negligibly to the life cycle impact assessment due to the characterization factors, despite TSS 
and heavy metal removal being a primary environmental function of bioinfiltration and 
permeable pavers.  It is important to recognize that the life cycle assessment lacks spatial 
resolution, and local benefits such as local pollutant removal may not appear to be significant if 
larger impacts resulted from off-site processes (e.g., material production driving eutrophication 
during the construction phase). 
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5.1.3 Material production impacts 
The construction phase was responsible for 90.5 to >99% of the life cycle environmental 
impacts as seen in Figure 5.1.  The construction phase modelling included material production, 
transportation of materials, construction equipment use, and transportation of construction 
waste.  During the construction life cycle phase, material production was responsible for 99.3 to 
>99% of the environmental impacts.  Therefore, transportation (hauling of materials and 
construction waste) and construction equipment use were insignificant contributors as seen in 
Figure 5.2.  Of the materials produced to retrofit the streetscape with green infrastructure, 
concrete production was the highest contributing material.  The production of concrete 
contributed 84.1-93.4% to the material impacts and 89.3-99.6% to the overall lifecycle impacts 
as seen in Figures 5.3 and 5.4. 
 
5.2 LCIA comparison of TSR to GIR 
The three blocks could have been refinished traditionally by resurfacing the road and pouring 
new concrete sidewalks.  This scenario relied completely on existing grey infrastructure.  A life 
cycle assessment of the three blocks relying completely on grey infrastructure, called the 
“traditional street replacement” resulted in similar trends consistent with the GIR scenario.  The 
construction phase was most influential (>99% contribution), and within the construction phase 
material production was the greatest contributing factor (>99% contribution).  And finally, within 
material production, concrete production was the greatest contributor across all life cycle impact 
categories as demonstrated in Figure 5.5.  Further, the total life cycle impacts (ozone depletion, 
global warming, smog, acidification, eutrophication, human-health carcinogens, human-health 
non-carcinogens, respiratory impacts, ecotoxicity, and fossil fuel depletion) of the TSR scenario 
were 18 to 20 times greater than those of the GIR scenario.  Figure 5.6 displays the TSR 
scenario’s values of each impact category normalized to the green infrastructure scenario 
values.  Retrofitting permeable pavers, unit pavers, and infiltration planters into the three block 
study area produced a fraction of the environmental burden than redoing a streetscape with a 
resurfaced asphalt road and poured concrete sidewalks. 
 
5.3 “Do nothing” comparison and tradeoffs 
If a municipality is considering installing green infrastructure in an area that does not need 
streetscape improvements, the environmental and economic costs cannot be ignored.  Installing 
permeable pavers, new curbs and gutters, and infiltration planters has local water quality, 
stormwater management, and economic benefits at the cost of global environmental and 
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regional economic impacts.  For example, 46,400 kg N eq. were globally emitted over the 
lifetime of the GIR scenario, mostly due to concrete production.  The green infrastructure is 
modeled to locally capture 905 kg N eq. over 30 years, using the average percent removal as 
described in Table A.5 in the Appendix.  It would therefore require 1,539 years before the green 
infrastructure locally removed and “paid back” the N eq. emissions from its life cycle emissions. 
 
5.4 Costs 
The GIR scenario contributed to global warming by resulting in 43,500,000 kg CO2 eq. 
emissions.  Also, when green infrastructure is installed, the life cycle energy consumption per 
volume of stormwater treated via infiltration and retention was three orders of magnitude greater 
than the energy consumption at a WWTP.  The life cycle energy consumption was calculated 
from the greenhouse gases produced over the green infrastructure lifetime.  Using U.S. energy 
grid mix data, the 4.35 x 107 kg CO2 eq. emissions resulted in 390 kWh/m
3 of stormwater 
treated (USEPA, 2015).  The calculations and conversion factors are described in Table A.9 in 
the Appendix.  This was noticeably much greater than the 0.3-0.6 kWh/m3 consumed by WWTP 
(McCarty et al., 2011; USEPA clean energy, 2009).  The benefit of diverting stormwater from the 
WWTP was costly in terms of GHGs, as it was assumed any decrease in energy and resource 
consumption at the WWTP was negligible.  And finally, the cost of implementing the three 
blocks of green infrastructure was estimated to be between US$ 1.4 and 3 million (Emmanuel, 
2014; RSMeansOnline 2015).  In comparison, the TSR scenario was estimated to cost US$ 
520,000.  The TSR scenario was therefore 2.7 times more expensive to install.  Using the low 
GIR cost estimate of US$ 1.4 million, this system still resulted in a treatment cost of US$ 25 per 
1m3 of stormwater offset from the treatment plant.  This is four orders of magnitude greater than 
the US$ 0.002/m3 it cost to treat wastewater at the WWTP (MWRDGC, 2013).  This displays a 
cost of treatment four orders of magnitude greater than if the stormwater went to the treatment 
plant for treatment. Clearly, from both a water treatment and street renewal perspective, 
implementing GIR is a costly strategy. 
 
5.5 Benefits 
In exchange, suspended solids, metals, and nutrients were estimated to be removed as 
quantified in Table 5.1, and were not discharged directly to local aquatic environments offering 
a local environmental benefit to the community.  Further, if it is assumed that all captured 
stormwater during CSO storm events results in an equal volume of CSO reduction (as 
compared to a CSO and WWTP influent volume reduction), the GIR could divert 19,600 m3 from 
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CSOs.  The volume retained in green infrastructure during CSO events has notable 
environmental and economic improvements to the local community and region.  This volume of 
CSO reduction could aid in local stormwater management control, reduce localized flooding, 
and provide local surface water quality benefits.  It could also potentially save costs to the 
region by reducing fines from water quality violations. 
 
The GIR scenario had further local, economic benefits, as it had been found that green 
infrastructure increases adjacent property values (Ward et al., 2008).  If a 4.25% property value 
increase were applied to the three blocks streetscape, the adjacent properties would have a net 
value increase of US$ 1.8 million (as explained in Chapter 4.9 and illustrated in Table A.8 in the 
Appendix).  When compared to the US$ 1.4-3 million cost of the GIR implementation, the scale 
of the payback (US$ 1.8 million) to the surrounding community is noticeable (60-130% 
payback).  Due to the economic stimulus provided by implementing the GIR scenario, green 
infrastructure could potentially be leveraged as a community renewal strategy, and could 
provide significant economic benefits to communities when implemented wisely. 
 
5.6 Sensitivity 
The sensitivity to several variables were tested in this study.  The transportation of materials to 
the site (up to 100 miles), transportation of waste (up to 100 miles) and end of life scenarios 
were found to contribute an insignificant amount of impacts over the life cycle of both scenarios.  
Because the construction phase, and more specifically, the material production, dominated the 
life cycle impacts, transportation and heavy equipment use was found to be largely insignificant.  
This demonstrates the importance of material choice.  Even a small reduction in concrete use 
could reduce the environmental impacts of the product.  Or, using recycled materials, could also 
reduce the environmental impacts due to material production.  This work also demonstrated a 
tradeoff between material type and transportation.  For example, a local quarry used for 
concrete production may be available, but it may be environmentally beneficial to use a 
concrete alternative or recycled material sourced from farther away. 
 
5.7 Summary 
Implementing green infrastructure has many environmental and economic tradeoffs to be 
considered when communities are making stormwater management plans. If green 
infrastructure were installed in areas where no road improvements are needed, the benefits of 
local economic gains and water quality and stormwater management improvements comes with 
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global environmental impacts and regional economic costs.  The economic benefits to the 
surrounding community, as seen in increased property values, would be returned within 1 to 3 
years of implementation.  It is, however, environmentally favorable when compared to a 
traditional streetscape renewal as demonstrated by the LCIA comparison between the GIR and 
TSR scenarios.  Economically, it can provide paybacks to the surrounding community (Ward et 
al., 2008).  However, the payback is not well characterized, so there is a need for further 
research that explores the economic impact on businesses with adjacent green infrastructure 
projects.  The environmental and economic tradeoffs and their spatial allocation are 
summarized in Table 5.2.  The environmental and economic improvements were local in nature, 
so green infrastructure has particular potential to be used as a community planning tool when 
used to target renewal in specific areas of a city.  
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5.8 Figures 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.1  The above figure displays the GIR scenario’s life cycle phase percent contributions 
to the life cycle environmental impact categories.  The construction and use phase together 
contribute 99% of the environmental impacts over the green infrastructure streetscape’s lifetime.  
The construction phase contributes 90.52-99.99% to the life cycle impacts across categories.  
Additionally, the use phase is responsible for 9.43% of the eutrophication environmental impact 
category.  
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Figure 5.2  The above figure displays the GIR scenario’s construction inventory percent 
contribution to construction phase environmental impact categories.  Material production is 
responsible for at least 99.3% of the construction phase impacts across all categories.  
34 
 
 
 
 
Figure 5.3  The above figure displays the GIR scenario’s material production percent 
contribution to construction phase environmental impact categories.  The concrete production 
used in the curb/gutter system is responsible for 80% of the material production impacts.  
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Figure 5.4  The above figure compares the GIR scenario’s percent contribution to life cycle 
environmental impact categories between concrete production and the remaining life cycle 
impacts.  The concrete production for the curb/gutter system is responsible for at least 88% of 
the total GIR life cycle impacts.  
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Figure 5.5  This figure depicts the percent contribution of impacts for the TSR scenario.  Similar 
to the GIR scenario, (a) the construction phase dominates the environmental impact categories, 
(b) the material production dominates the construction phase, and (c) the concrete production is 
responsible for essentially all of the material impacts. 
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Figure 5.6  The above figure compares the GIR and TSR scenarios’ total life cycle impacts.  
The total life cycle impacts for both scenarios were normalized to the GIR scenario.  GIR = 1.  
The TSR scenario results in 18-20 times the total life cycle environmental impacts across all 
categories. 
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5.9 Tables 
 
Table 5.1  The below table displays the modelled mass of pollutants treated and removed from 
stormwater over 30 year lifetime under two percent removal scenarios.  The average values 
were used in this model.  The negative 2.60 kg is due to an increase in total phosphorous 
species (assumed to be from the media material). 
 
Green infrastructure mass of pollutants treated and removed from stormwater over 30 
year lifetime (mass from 10 years of precipitation data x 3) 
Pollutant (kg) BOD COD TSS Pb Cu Zn NO3
-
+ 
NO2
- 
TKN Tot. 
P 
Lowest percent 
removal 
0 0 17500 11.7 3.82 25.9 1.78 102 -2.60 
Highest percent 
removal 
2480 16900 36800 37.2 8.80 41.3 148 314 85.9 
Average 1240 8470 27200 24.5 6.31 33.6 74.6 208 41.7 
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Table 5.2  The table below spatially summarizes the environmental, economic, and social 
tradeoffs between the GIR and TSR scenarios.  There are many local benefits at the cost of 
regional and global costs. 
 Negative impacts Positive impacts Sustainability 
category 
Local  Water quality improvements Environmental 
  Reduced flooding  
  Increase in property values Economic 
Regional GIR energy intensive 
stormwater treatment method 
 Environmental 
 Cost intensive stormwater 
treatment method 
 Economic 
 Tax payers paying for localized 
benefit 
  
Global Environmental impacts (global 
warming, eutrophication, ozone 
depletion, etc.) 
 Environmental 
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CHAPTER 6: CONCLUSION 
 
This work explored the consequences of implementing green infrastructure to the local, 
regional, and global community.   While green infrastructure is often pitched as a “green,” or 
sustainable, option for stormwater management, there are environmental, economic, and social 
tradeoffs to consider.  In terms of stormwater management, implementing green infrastructure 
was a rather energy intensive process as compared to treating stormwater at the plant.  
However, in areas where road improvements are needed, using green infrastructure practices to 
replace the street, such as implementing permeable pavers and infiltration planters, could add 
value to the local area via environmental benefits and an economic stimulus- even though it is 
likely more expensive to install. A green infrastructure retrofit creates fewer environmental 
impacts than a traditional road and sidewalk replacement (due to the extensive concrete 
production involved with traditional streetscapes), but has cost tradeoffs. 
 
Unique to this study was the discussion of spatial allocation of environmental, economic, and 
social impacts.  Most of the burden of installing green infrastructure lied on global and regional 
levels, while the benefits were highly localized.  The environmental impacts of material 
production stem from spatially distributed emission sources that result in impacts in other 
localities or contribute to impacts at the global scale.  For example, material production occurs 
on a large scale wherever the materials are produced and manufactured.  This could occur 
across the country or world.  In addition, global warming and ozone depletion occur due to 
material production, and this in turn creates a global environmental burden.  In contrast, the 
direct environmental benefit of installing green infrastructure was highly localized, and occured 
at a small scale.  As discussed earlier, the green infrastructure removed pollutants on-site and 
reduced flooding to the local area creating direct environmental benefits to the site and its 
surrounding aquatic environments.  While the local environment benefited greatly, the global 
environment incurred environmental damages. 
 
Economic allocation was similar to the story of environmental benefits and costs.  While the 
costs occurred regionally, the benefits were seen locally.  In this study, the green infrastructure 
was a public works project and therefore paid for by the municipality and tax payers.  The 
economic cost was paid for by the region, yet the environmental benefits were seen in the 
surrounding site as adjacent property values were expected to increase and the street 
rejuvenation was expected to drive additional business to the local vendors. 
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6.1 Future work 
This work was limited to regional and global databases for the life cycle assessment inventory.  
Further, on-site water quality data was not available, so data from the literature was used.  In 
the future, using on-site sensors to measure and monitor stormwater flows, infiltration rates, and 
pollutant concentrations would allow for an accurate assessment of green infrastructure 
performance in the Chicago setting.  This has yet to be done, and would aid in diversifying the 
green infrastructure performance data available in the literature.   
 
Also, as Ahiablame’s article explains, parameters may not accurately quantify the performance 
of a process due to simplifying assumptions made during the modeling exercise (Ahiablame et 
al., 2012).  Therefore, sensitivity and uncertainty analysis would identify the critical parameters 
of the model as well as ensure transparency of the data quality.  While sensitivity to 
transportation distance and life cycle phases was assessed between scenarios, completing a 
Monte Carlo sensitivity analysis of the model’s design variables in order to determine which 
parameters are most significant to the results would provide a more robust analysis.  This would 
provide meaningful information to designers, as it would elucidate which metrics of the green 
infrastructure life cycle are most critical.  Last, an uncertainty analysis would allow for the 
quantification of uncertainty among the model’s variables which would in turn allow for more 
informed decision-making.  
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CHAPTER 7: ENGINEERING SIGNIFICANCE 
 
This study added to the green infrastructure conversation as communities are considering new 
stormwater management strategies.  There are many lenses to frame the discussion of green 
infrastructure on.  From a stormwater treatment lens, green infrastructure could be cost effective 
in terms of expanding stormwater management capacity, but it is expensive in terms of water 
treatment costs.  From a street renewal perspective, green infrastructure offers local 
environmental and economic benefits via reduced flooding, improved water quality of receiving 
water bodies, an economic “stimulus” in the form of increased property values, and a much 
smaller environmental footprint.  However, it was much more expensive than a traditional street 
renewal project.  And last, from a CSO reduction lens, green infrastructure was a cost effective 
tool for reducing the volume of CSO events when compared to grey infrastructure alternatives.  
Communities face many challenges regarding stormwater management, and this study offered 
a launching point for communities to discuss the broad array of implications inherent to green 
infrastructure implementation. By providing an assessment of tradeoffs from a diverse set of 
perspectives, communities will have a robust understanding of the tradeoffs incurred due to 
green infrastructure implementation. 
 
This study’s findings have provided insight into the nature of sustainability tradeoffs due to the 
implementation of green infrastructure.  By broadening the discussion regarding green 
infrastructure and sustainable stormwater management, this study provided the field of 
engineering with a more robust understanding of sustainable stormwater management and its 
environmental, economic, and social implications.  Whereas many stormwater management 
studies seek to improve design from a hydrological or water quality perspective, this study 
elucidated the local, regional, and global tradeoffs of implementing a site-specific design.  
Further, as the literature suggests, green infrastructure studies are needed in diverse regional 
contexts, and this study provided an environmental assessment, using the life cycle assessment 
methodology, of a green infrastructure project in the city of Chicago.  To the knowledge of the 
author, this has not yet been done, so this study contributed an assessment of a unique climate 
and setting.  
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APPENDIX 
 
Table A.1  The table below describes the materials included in the inventory for each 
component of the GIR and TSR scenarios.  The GIR scenario includes a permeable road, 
sidewalk, and infiltration planters.  The TSR scenario includes road resurfacing and a new 
sidewalk.  Material conversion factors (from area or volume to mass) were found from the 
described sources and cited below. 
Component Material Conversion factor Source for conversion factors 
Permeable 
road 
Pavers 112.5 lb/ft
3
 Portland Cement Association
1
 
Setting course 126.34 lb/ft
3
 Hanover® newsletter
2
, Engineering toolbox
3
 
Leveler 112 lb/yd
2
-in Superpave Design Guidelines
4
 
Permeable 
sidewalk 
Pavers 112.5 lb/ft
3
 Portland Cement Association
1
 
Bedding 1522 kg/m
3
 Engineering toolbox 
3
 
Granular fill 1635 kg/m
3
 Interview with Boughton Materials, Inc..
5
 
Geotech liner 0.04 kg/ft
2
 Geotextile publication, University of Cairo
6
 
Infiltration 
planters 
Granular fill 1962 kg/m
3
 Interview with Boughton Materials, Inc.
5
 
Concrete 
curb/gutter 
145 lb/ft
3
 Engineering toolbox, "Limestone, crushed"
3
 
Bedding 1.3 g/cm
3
 Soil quality fact-sheet
7
 
Plants - - 
Mulch 300 kg/m
3
 Singletons Nurseries
8
 
Road 
resurfacing 
HMA surface 
course 
110 lb/yd
2
-1in Interview with McLean County Asphalt Co., 
Inc.
9
 
Prime coat .2 gal/yd
2
 Interview with McLean County Asphalt Co., 
Inc.
9
 
Sand 13 lb/yd
2
 Interview with McLean County Asphalt Co., 
Inc.
9
 
Sidewalk Concrete 145 lb/ft
3
 Interview with McLean County Asphalt Co., 
Inc.
9
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Table A.2  The table below describes the materials used in the inventory, and their database 
choices.  A justification of why the following items were chosen from the database is included 
when there were multiple material options to choose from. 
Component Material Name in database Source of 
information 
Justification 
Permeable 
road 
Pavers Lightweight concrete block, 
polystyrene {GLO}| market for 
| Alloc Def, U 
ecoinvent 3 No pavers units 
available; concrete block 
production is most similar  
Setting course Bitumen adhesive compound, 
hot {GLO}| market for | Alloc 
Def, U 
ecoinvent 3 Setting course is a 
bitumen adhesive 
Leveler Mastic asphalt {GLO}| market 
for | Alloc Def, U 
ecoinvent 3 Mastic asphalt used for 
leveling material 
Permeable 
sidewalk 
Pavers Lightweight concrete block, 
polystyrene {GLO}| market for 
| Alloc Def, U 
ecoinvent 3  
Bedding Limestone, crushed, washed 
{GLO}| market for | Alloc Def, 
U 
ecoinvent 3 All gravel fill was 
assumed to be 
limestone, an economical 
crushed stone option 
Granular fill Limestone, crushed, washed 
{GLO}| market for | Alloc Def, 
U 
ecoinvent 3  
Geotech liner Oriented polypropylene film E Industry data 
v2.0 
Geotech liners are made 
from woven 
polypropylene 
Infiltration 
planters 
 
Granular fill Limestone, crushed, washed 
{GLO}| market for | Alloc Def, 
U 
ecoinvent 3  
Concrete 
curb/gutter 
Concrete, normal {GLO}| 
market for | Alloc Def, U 
ecoinvent 3  
Bedding Compost {GLO}| market for | 
Alloc Def, U 
ecoinvent 3  
Plants Greenhouse seedling, 
softwood, INW/RNA 
USLCI Most plants in project are 
softwood species 
Mulch Mulch {GLO}| production from 
bark | Alloc Def, U 
ecoinvent 3  
Road 
resurfacing 
HMA surface 
course 
Mastic asphalt {GLO}| market 
for | Alloc Def, U 
ecoinvent 3 HMA surface course 
made from mastic 
asphalt 
Prime coat Bitumen adhesive compound, 
hot {GLO}| market for | Alloc 
Def, U 
ecoinvent 3 The prime coat is made 
from a bitumen adhesive 
Sand Sand {GLO}| market for | 
Alloc Def, U 
ecoinvent 3  
Sidewalk Concrete Concrete, normal {GLO}| 
market for | Alloc Def, U 
ecoinvent 3  
Transportation Transportation 
of materials, 
construction 
waste, and end 
of life materials 
1 tkm Transport, truck 10-20t, 
EURO5, 100%LF, empty 
return/GLO Mass 
Agri-footprint EURO5 is most similar to 
our current emission 
standard, 10-20t truck 
appropriate for urban 
road travel 
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Table A.3  The GIR and TSR scenarios’ heavy equipment use was modeled using the below 
heavy construction equipment and related US EPA NONROADS items. 
Component Equipment Item description in NONROADS 
Green infrastructure 
retrofit 
Mini excavator Diesel Excavators (HP=50) 
Milling machine Diesel Surfacing Equipment (HP=600) 
Slipform paver Diesel Pavers (HP=600) 
Asphalt paver Diesel Pavers (HP=175) 
Soil compactor, vibratory Diesel Rollers (HP=175) 
Skidsteer Diesel Skid Steer Loaders (HP=75) 
Static pneumatic 5-10 ton tired roller Diesel Rollers (HP=175) 
Traditional streetscape 
replacement 
Milling machine Diesel Surfacing Equipment (HP=600) 
Power broom Diesel Sweepers/Scrubbers (HP=100) 
Asphalt distributor Diesel Pavers (HP=175) 
Asphalt paver Diesel Pavers (HP=175) 
Tandem roller Diesel Rollers (HP=175) 
 
 
 
 
Table A.4  The determination of the runoff coefficient for the GIR use phase stormwater quantity 
and quality modeling was determined with a weighted average by area  as described below.  
The TSR scenario was modeled with a runoff coefficient equal to one because no stormwater 
infiltrates. 
Component Area Runoff Coefficient 
Pavers- sidewalk and street 1.79 acres 0.73 
Infiltration planters 0.0048 acres 0.31 
Total GIR using weighted average 
based on area: 
1.79 acres (0.73*1.79 + 0.31*0.0048)/1.7948 = 0.73 
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Table A.5  The below ranges of pollutant concentrations and percent removal values were 
gathered from the literature; average values were used for use phase modelling of stormwater 
quality. 
Concentrations and percent removals 
BOD 
(mg O2/L) 
COD 
(mg O2/L) 
TSS 
(mg/L) 
Pb 
(μg/L) 
Cu 
(μg/L) 
Zn 
(μg/L) 
NO3
-
+ 
NO2
-
 
(mg N/L) 
TKN 
(mg N/L) 
Tot. P 
(mg/L) 
Concentration entering system boundary
10
 
12 82 180 182 43 202 0.86 1.9 0.42 
Percent removal from green infrastructure retrofit (bioinfiltration)
11 
- - 47-99% 31-99% 43-99% 62-99% 1-83% 26-80% (-)3-99% 
Concentration exiting Green Infrastructure
12 
0-12 0-82 1.8-95.4 1.82-126 0.43-24.5 2.02-76.8 0.146-
0.851 
0.38-1.41 0.0042-
0.4326 
Concentration exiting WWTP
13 
1-5 1-5 1-4 0-63.7 0-12.5 0-39.4 1-10 - 0.1-0.5 
Concentration exiting CSO
14
         
54-200 157-491 121-394 0-63.7 0-12.5 0-39.4 0 15-37 2.3-5.4 
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Table A.6 The below values found in RS-Means and from design variables of the site were 
used to calculate project costs for the green infrastructure retrofit scenario.  The final cost of the 
project, excluding materials, is estimated to be US$ 1.4 million. 
Green Infrastructure Retrofit (GIR) scenario 
 Description RS-Means 
identifier 
Unit Site 
characteristic 
needed for 
calculation 
Value of site 
characteristic 
in units 
Total cost 
including 
overhead 
and profit 
per unit 
(US$) 
Total cost of 
GIR scenario 
(US$) 
Demolition Demolish, remove 
pavement and curb, 
concrete, 7" to 24" 
thick, plain, 
reinforced 
25024113175500 C.Y. C.Y. sidewalk 
(1113) + curb 
(52) + 
infiltration 
planters (266) 
1431 150 US$ 1.4 
million 
Minor site 
demolition, for 
disposal up to 5 mi, 
excludes hauling 
26024113334500 C.Y. C.Y. sidewalk 
(1113) + curb 
(52) + 
infiltration 
planters (266) 
1431 14.2 
Cold milling asphalt 
paving, asphalt 
pavement removal 
from conc. base, no 
haul, rip, load & 
sweep, 3" to 6" deep 
320116715330 S.Y. S.Y. road 3620 1.01 
Construction Sidewalks, 
driveways, patios, 
sidewalk, load, 
dump and spread 
stone, 100' haul, 
with skid steer, 
excludes base 
320610102160 C.Y. C.Y. aggregate 
sidewalk + 
road 
2530 64 
Precast concrete 
unit paving slabs, 
precast concrete 
patio blocks, 2-3/8" 
thick, colors, 8" x 
16", exposed local 
aggregate, natural 
321413160750 S.F. S.F. road 
(32580) + 
sidewalk 
(45540) 
78120 12.15 
Plant-mix asphalt 
paving, binder 
course, 1-1/2" thick 
321216130080 S.Y. S.Y. road 3620 6.75 
planting beds, 
skidsteer loader, on 
site topsoil 
329113260300 C.Y. C.Y. infiltration 
planter filler 
266 4.5 
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Table A.7 The below values found in RS-Means and from design variables of the site were 
used to calculate project costs for the traditional street replacement (TSR) scenario.  The final 
cost of the project, excluding materials, is estimated to be US$ 520,000. 
Traditional Street Replacement (TSR) scenario 
 Description RS-Means 
identifier 
Unit Site 
characteristic 
needed for 
calculation 
Value of site 
characteristic 
in units 
Total cost 
including 
overhead 
and profit 
per unit 
(US$) 
Total cost of 
green 
infrastructure 
scenario 
(US$) 
Demolition Demolish, remove 
pavement and curb, 
concrete, 7" to 24" 
thick, plain, 
reinforced 
25024113175500 C.Y. C.Y. sidewalk 
(1113) + curb 
(52) 
1165 150 US$ 520,000 
Cold milling asphalt 
paving, asphalt 
pavement removal 
from conc. base, no 
haul, rip, load & 
sweep, 3" to 6" deep 
320116715330 S.Y. S.Y. road 3620 1.01 
Construction Sidewalks, 
driveways, and 
patios, sidewalk, 
concrete, cast-in-
place with 6 x 6- 
W1.4 x W1.4 mesh, 
broomed finish, 
3000 psi, 6” thick, 
excludes base 
320610100400 S.F. S.F. sidewalk 45540 5.6 
Plant-mix asphalt 
paving, pre-
treatment for paving, 
prime coat, 
emulsion, 0,30 gal 
per S.Y., 1000 S.Y. 
321216133000 S.Y. S.Y. road 3620 4.35 
Sand seal, sand 
sealing, sharp sand, 
asphalt emulsion, 
roadway or large 
area 
32011364120 S.Y. S.Y. road 3620 1.63 
Resurface pavement 321216190100 S.Y. S.Y. road 3620 17.55 
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Table A.8 The below property values were found for the three block site area using Zillow.  The 
site area adjacent to the system boundary consisted of mixed-use buildings.  There were 22 
buildings adjacent to the system boundary.  The total increase in value of properties adjacent to 
the site was calculated assuming all 22 buildings had a value of US$ 1.92 million, thus resulting 
in a total value of US$ 42.24 million.  The 4.25% increase in property value results in a net 
increase in value of US$ 1.8 million. 
Property value data and calculation 
Number of units posted 
on Zillow 
Rental price per unit 
(US$) 
Type of unit 
5 1,250/mo N.A. 
2 595/mo Studio 
1 695/mo N.A. 
2 1,350/mo N.A. 
1 166,000 Condo 
1 930 N.A. 
1 1.92 million Mixed-use building 
Number of mixed-use 
buildings adjacent to 
site 
Price per building Total value of 22 
buildings adjacent to 
site area 
Total increase in value of properties 
adjacent to site due to 4.25% property 
value increase with GIR (US$) 
22 1.92 million 42.24 million 1.8 million 
 
  
60 
 
Table A.9 The below table illustrates the method and equations used to determine the energy 
requirement for treatment of stormwater using GIR.  The energy requirement is calculated from 
the LCIA global warming category (kg CO2 eq /m3) and is converted to kWh/m3 using U.S. 
energy grid data.  Stormwater “treatment” is described as stormwater diverted from grey 
infrastructure via retention or infiltration.  Calculations assume 70% of stormwater entering GIR 
is retained or infiltrated, and the GIR has a 30 year lifetime as referenced below.16 
Description Calculation Value 
Average rainfall per year in 
Chicago region
15 
 41.085 in/year 
Area of system boundary  78,328 ft
2 
Volume of stormwater entering 
system boundary per year 
41.085 (in/year) * 1/12 (ft/in) * 78,328 (ft
2
) * 
0.0283 (m
3
/ft
3
) = 7,597 m
3
/year 
7,597 m
3
/year 
Volume of stormwater diverted 
from grey infrastructure (via 
retention and infiltration)
16* 
7,597 m
3
/year * 0.70 = 5,318 m
3
/year 5,318 m
3
/year 
GIR life cycle global warming 
impact 
Taken from GIR LCIA 4.35 x 10
7
 kg CO2 eq. 
Kg CO2 per volume diverted over 
the GIR lifetime (30 years)
2 
4.35 x 10
7
 (kg CO2 eq.) / 5,318 (m
3
/year) / 30 
(year) = 273 kg CO2 eq./m
3
 
273 kg CO2 eq./m
3 
KWh per volume diverted over the 
GIR lifetime using U.S. gid 2010 
data
17 
273 (kg CO2 eq./m
3
) / 6.89551 x 10
-4
 (metric tons 
CO2/kWh) * 0.001 (metric ton/kg) = 396 kWh/m
3 
396 kWh/m
3
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